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ABS TRACT 


Cther experimental investigations have shown that the 
high temperature creep characteristics of many alloys may 
be correlated by means of the equation: E =Se ~BH/RT e AG 
The results of this work indicate that the activation en- 
ergy, ‘AH, of Cupro Nickel is apparently not a single-valued 
function of the material but appears to vary with stress and 
possibly temperature within the ranges investigated i.e. 


Stress; 30,000 psi to 35,000 psi and Temperature: 3509C to 


450°C. 





INTRODUCTION 


The high stress and temperatures imposed upon metals as 
a result of recent cevelopments in power engineering require 
a new view point to be taken concerning the physical chara 
teristics of metals. Metals can no longer be looked upon as 
elastic rigid bodies, but must be considered as semi-elastic 
plastic bodies that flow continuously under load. This time 
dependent deformation of metals under stress is known as 
pereep”. 

Numerous mathematic expressions have been presented for 
the purpose of correlating the creep characteristics of a 
metal with stress and temperature. Some of these expressions 
are empirical in nature which, by and large, attempt to sepa- 
rate the creep strain into transient and steady state compo- 
nents. The theoretical developments are based on an activa- 
tion process, many of which may be evolved from Erying's Re- 
action-Rate Equation. (1) 

Several years ago Zenner and Hollomon suggested that the 
flow stress of metals might be related to the temperature and 


Strain rate in accord with the functional equation: 


czclée SV"7) (1) 


The Zenner-Hollomon Parameter also contains the significant 


tacit implication that the energy of activation, MH, is sub- 





2) 


stantially indepencent of the state of the material. 
Dorn anc co-workers utilizing the Zener-Hollomon Parameter 

in conjunction with the Frying Reaction-Rate Fquation met with 

considerable success in correlating the creep characteristics 


of high purity aluminum and its alloys which necessarily im- 


plies that creep is an activation proce oe” 
They developed the basic equation: 
E=5 » AlganT Bao (2) 
where: 
a SAicics pie) senyee «ater in.71 hr. 7+), In this work E 


refers to the secondary creep rate. 

S = a parameter (hr.72) which, is a function of ‘the 
creep stress or strain and referred to as the 
structure parameter. 

AH = activation energy (cal. mol.~+) 


= the gas constant (cal. mol.~1 ox~+) 


= the absolute temperature (°K) 


- 3 


R 
af 
A = constant (in. 1b.~1) 
r 


= stress (psi) 


For constant load (or constant stress) tests the equa- 


tion reduces to: 


€ = Ae ~AHART (3) 
where 
nae COmetoat (hr. +) 
AH = constant independent of temperature over wide 


ranges of temperature above 0.45 of the melting 
point in °K. It is also independent of creep 





! 
Ph 


stress, creep strain, grain size, sub~structures de~ 
veloped curing creep, small alloying additions, and 
cold work. 
ftmuls, the activation energy, MH, for creep may be determined 
by evaluating two creep tests at different temperatures, T) and 
To, under the same loads using the relation: 
Ari =(R Ine, /E)/ Te + (1s) 
The purpose of this work is to attempt to correlate the 
creep characteristics of commercial Cupro-Nickel using the 
equations developed by Dorn and co-workers for short time 
creep tests, the snortest of which was nine minutes and the 
longest of which was two hours. It was the original intention 
of the author to continue creep curves to normal rupture, how- 
ever, though neither copper or nickel is considered as being 
"notch sensitive", Cupro-Nickel does display such a physical 
phenomenon and specimens ruptured at the gage points after hav-~ 
ing entered the secondary stage of the creep curve for a rela- 


tively short time. 





MATFRIALS AND PRELIMINARY WORK 


Tensile-creep specimens were cut and machined from a 
O.100-inch rolled sheet of commercial Cupro-Nickel* obtain- 
ed from the Revere Copper and Brass Co., New Bedford, Mass. 
The axis of the specimens was oriented in a direction paral- 
lel to the rolling direction of the stock. A one-inch gage 
length with a reduced width of 0.250" was used. The dimen- 
sions of the specimens are shown in Figure 1. Maximum vari- 
ations of +#0.0005" along the reduced section were obtained 
in machining. The cross sectional area of a specimen's gage 
length was determined by averaging three measurements taken. 
along the reduced section. 

Preliminary bepexpestnental work, the effect of the pro- 
posed high temperatures on the structure and surface of the 
specimens was determined. Although activation energy is sup- 
posecly independent of grain size, it was considered necessary 
to the control of the experiment to obviate the possibility of 
recrystallization and ensure uniform grain size prior to appli- 
cation of the creep load. A number of specimens were annealed 
for two hours and twenty-four hours at constant temperatures 
*An analysis of the material used in this investigation was 


not made. The customary nominal composition of Cupro-Nickelf 
75; Cu: 29%, Ni: 33%, Sn: 1.5%, (Fo,Mn, Pp: 1% or less) 
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Dimensions of Tensile Creep Specimen 





of 500°C, 600°C, 700°C, and 800°C. Subsequent microscopic ex- 
amination showed negligible difference in grain size between 
the annealing times for a given temperature. Surface oxida- 
tion was negligible below 500°C. Since the creep tests were 
to be conducted in a range of temperatures between 350°C and 
450°C, it was decided to anneal all creep specimens in a he- 
lium atmosphere furnace for a period of two hours at 700°C to 
Obviate the possibility of significant grain growth during 
creep tests. All creep specimens were furnace cooled. The 
recrystallized grain size obtained by averaging four linear 
counts per specimen was 40 grains/mm. Later microscopic ex- 
aminations of crept specimens revealed no significant change 
in grain size or structure other than what would be expected 


to result from deformation sustained during creep tests. 





ROUIPMENT AND EXPERIMENTAL TECHNIQUE 


A. Creep Unit (test machine) 

The test machine used was a conventional, single lever, 
constant load type, providing uniaxial loading, (see Figure 
2). The test machine lever arm ratio was calibrated with a 
Baldwin SR-4 Type U (0-2000 lbs) standard load cell which is 
accurate to 1/4% of full range at a point. The lever arm 
ratio was found to be 17.00:1. It was demonstrated that the 
lever gave no detectable loading error within the range of 
+7.5 degrees from the horizontal, thus this lever arm ratio 
was maintained constant within the limits of the angular dis- 
placements developed during the test as a result of specimen 
extension. 

Inasmuch as these experiments are of the constant load 
type, only the initial stress is of concern. In uniaxial 
loading the measured cross-sectional area of the specimen is 
multiplied by the desired initial stress to determine the load- 
ing. This load when divided by the mechanical advantage of 
the lever establishes what weight shall be added to the load- 
ing platform. Weights were measured on an accurate scale 
capable of being read to 0.01 lb. 

B. Extensometer Unit 


The strain was measured with an extensometer specifically 
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Creep Unit Figure 2 





designed for creep testing at elevated temperatures, (see 
Figure 3). The features of this unit consist of the follow- 
ang: 
(1) One-inch gage length accurate to +0.001", -0.000" 
by means of an integral spacer. 
(2) Two gage blocks each containing a carboloy tip 
which penetrates the specimen 0.010" on one side. 
(3) The upper gage block is rigidly connected to a tube 
which is attached to a dial gage supporting sleeve. The 
latter slides freely on ball bearings along the upper 
pull tab of the extensometer unit. 
(4) The lower gage block is rigidly attached to a rod 
which moves through the above-mentioned tube and provides 
a resting platform for the dial gage stem which is spring 
loaded. Additional movement is thus obtained between 
tube and rod. 
(5) The dial gage has an absolute accuracy of better than 
+0.0003"' with a minimum reading of 0.0001". 
(6) All high temperature components of the extensometer 
were made from type 316 Stainless steel. 
C. Temperature Control Unit 
An L. H. Marshall 115V nichrome-wound cylindrical type 
furnace, 12.5" long, 7.0" O.D. and 2.5" I.D. was used. Three 
individually controlled heating coils were provided in the 
furnace for temperature gradient control. The coils were con- 


nected in series, each coil being in parallel with a variable 


LG, 








Extensometer Unit Figure 3 
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resistor. Constant voltage supply was obtained from a 
Sorensen, model 3000-S-115V voltage regulator.* The desired 
temperature control was obtained by means of a Honeywell 
"Pulse Pyr-O-Vane" millivoltmeter controller which contained 
a time-proportioning control. The latter served to decrease 
the cycling temperature amplitude. The amplitude was further 
decreased by a resistor placed in parallel with the on and 
off control breaker. Current in excess of that required to 
reach temperature was necessary due to variations in room 
temperature and in insulation around the components protrud- 
ing from the furnace. 

For constant stress, the creep rate varies exponentially 
with 1/T. It is mandatory to minimize the temperature gradi- 
ent across the gage length in order to get accurate data. Be- 
cause of the nature of the creep equation to be used here, 
(Equation 3), it is essential to determine the temperature 
accurately. This was done by means of two duplex fiberglass 
insulated Chromel-alumel thermocouples attached with glass 
thread to the specimen just outside of the gage blocks as 
shown in Figure 3. During the creep tests, the temperature 
was controlled to better than +1.5°C and a maximum temperature 
gradient across the gage length of .250C was maintained. The 


thermocouple circuit is shown in Figure 4. 


*The high instability of line voltage previously resulted in 
difficulty in obtaining a low cycling temperature amplitude. 
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D. Test Procedure: 

To further obviate the possibility of grain growth and 
oxidation of the test specimen, while in the creep furnace, 
the following loading procedure was used to reduce the amount 
of time during which the creep specimen would be at high tem- 
perature: 

(1) A dummy specimen was mounted in the extensometer 

and thermocouples were attached (see Figure 3). 

(2) The extensometer was placed in the loading system 

of the test machine and the specimen was centered in the 

furnace. 

(3) The furnace was sealed top and bottom with three 

layers of asbestos cloth held in place with masking tape. 

(4) The furnace was heated to test temperature and zero 

temperature gradient was established across the gage 

length of the dummy specimen. Five hours were usually 
required to establish equilibrium. 

(5) The dummy specimen was replaced by a test specimen 

in the extensometer, thermocouples were reattached, the 

extensometer was again placed in the test machine with 
specimen centered in the furnace, and the furnace was 
resealed. 

(6) Test temperature equilibrium and zero gradient across 

the gage length were reestablished, this time within one 

hour. 


(7) As soon as equilibrium was reestablished, the test 
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was begun by lowering the weighed load onto the load- 
ing platform by means of a screw type automobile jack 
to reduce dynamic loading as much as possible. 

(8) Data was recorded (elongation vs time) until the 
specimen ruptured at the gage points or until a con- 
stant creep rate had been established for at least one 
hour. The extensometer was read directly to 0.0001" 


and estimated to 0.00005", 


+ Foy 


LS 


EXPERIMENTAL RESULTS 


Creep tests were conducted at initial stresses of 
30,000 psi, 32,500 psi, and 35,000 psi for each of the follow- 
ing temperatures: 350°C, 3759C, 400°C, 425°C and 4500C The 
data recorded during each of these fifteen creep tests is dis- 
played in APPENDIX I. The data of each creep test was plotted 
as strain vs time and the creep rates were determined from the 
secondary stages of the creep curves. The extensometer dial 
gage has an absolute accuracy of +0.0003 in. With a minimum 
dial division of 0.0001 in. and a minimum interpolated read- 
ing of .QQQ002 in., the relative accuracy of the weddings 
with the slack removed from the attendant gear train, may be 
considered to be better than .00005:.in.Under such conditions, 
creep rates determined over one hour intervals could be ex- 
pressed with a possible accuracy of +..Q00Ol1 in. in. 7} hr. 72, 
It is to be noted that, due to the scale utilized in Figures 
10, ll and 12 for plotting loge, the intervals of error in 
creep rate appear, in general, as points. The creep rates 
determined for each test are recorded at the bottom of the 
associated test column in APPENDIX I. The secondary creep 
curves for each test are shown in Figures 5, 6, 7, 8 and 9. 

The creep rate data were plotted as logé vs 1/T and re- 


gression lines were drawn through points of constant initial 
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stress, (see Figures 10, 11 and 12). Some fair degree of cor- 
relation of the type suggested by Equation 3, between creep 
rates and constant initial stress was obtained over the 

range of temperature of 350°C to 425°C. 

The consistant manner in which creep rate plots low in 
relation to the regression lines at a temperature of 450°C 
suggests the possibility that the creep rate, at higher tem- 
peratures, falls off below that predicted by Equation 3. It 
is to be remembered, that since this work was primarily un- 
dertaken with the purpose of determining whether or not creep 
rates at constant load could be predicted on the basis of E- 
quation 3, which implies a linear correlation, a regression 
line was thus arbitrarily chosen to be drawn through the 
points of constant load in Figures 10, ll and 12. A careful 
scrutiny of the creep rates as displayed in Figures 10, ll 
and 12 discloses that it would not be inconsistant with the 
data to suggest that a continuous curve, with a slope that 
decreases with increasing temperature, might be fitted to 
the data with equal success. This implies that the activation 
process is not a single one as suggested by a constant AH, but 
rather a complex one consisting of several competing mechanisms 
each with a unique activation energy. Thus the 4H is an aver- 
aged activation energy which is not constant but varies with 
temperature depencing upon which process is predominent. The 
data of this work is hardly sufficient upon which to postu- 


late such a possibility, but an interesting trend for further 
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investigation is believed to be indicated. 
The results of the calculations of OH using Equation 4 
and information obtained from the regression lines shown in 


Figures 10, 11 and 12 are as follows: 


G(psi) AH 

30,000 38,000 
32,500 43,150 
35,000 52,000 


These results indicate that activation energy ( AH) increases 
with initial stress and is not therfore a single valued func- 


tion dependent only on the material as proposed by Dorn and 


Sherby. 
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CONC LUSIONS 


l. It appears that the creep data of Cupro-Nickel can, to 
some fair degree, be correlated at a constant initial stress 
by means of the squires A B=0H/RT Over a range of tem- 
peratures of 350°C to 425°C and a range of initial stresses 
from 30,000 psi to 35,000 psi, for a relatively short peri- 
od of time after the completion of the primary or transient 
stage of the creep curve. 

2. Amore thorough examination of the data including those 
obtained at 450°C suggests that AH varies with temperature. 
The apparent constant AH, at constant initial stress, in the 
range of 350°C to 450°C may be fortuitous. 

3. OH was found to increase from 38,000 cal. mol.7~ to 
52,000 cal. mol. with an increase of initial stress from 
30,000 psi to 35,000 psi. 

4. It is Suggested that the activation process in creep is 
a complex one consisting of several competing mechanisms 
having some averaged AH. The predominent process(es) would 
depend, among other factors, on stress and temperature. The 
activation energy is not a single valued function dependent 
only on the material as proposed by Dorn and Sherby. In this 
regard, the trend of this work is supported by that of Carreker 
(5) 


and Guard. 


Zi 





ACKNOWLEDGEMENTS 


It is a pleasure to acknowledge the authors indebted- 
ness to Professor Alfred Goldberg for his invaluable guid- 
ance anc timely advice, to Professor Frederick L. Coonan 
and Professor John R. Clark for their interest and advice 
concerning the project, and to his wife Mrs. R. L. Alford, 
for her continual cooperation and aid in the compilation of 


the thesis. 


28 








BIBLIOGRAPHY 


Sully, A. H., METALLIC CREEP AND CREEP RESISTANT ALLOYS, 
Interscience Publishers Inc., 1949. 


Zenner, C. and Hollomon, J. H., EFFECT OF STRAIN RATE ON 
THE PLASTIC FLOW OF STEEL, Journal of Applied Physics, 
15, pp. 22-32, 1944 


Simerovyemo. 1D. and Dorn, J-6e., CREEP CORRELATIONS. IN 
ALPHA SOLID SOLUTIONS OF ALUMINUM, Journal of Metals, 
4, pp. 959-964, Sept. 1952. t 


4 


Sherby, O. D. and Dorn, J. E., CREEP CORRELATIONS IN METALS 
AT ELEVATED TEMPERATURES, Trans. AIME, 200, pp. 71-79, 1954. 


Carreker, R. P. and Guard, R. W., CREEP OF COPPER, General 
Electric Research Lab. Report No. 55-RL-1361, Aug. 1955. 


29 











APPENDIX JI 
Strain-Time and Strain Rate Data 


30 








Se °tcT 
08 * TOT 


OT" ¥6 
of °68 
s¢°ss 
os °*T8 
S¢°Ll 
02 °€2 
06°89 
Carr9 
02°09 
os’ss 
Or°OS 
08° FY 
09°S¢ 
se°ee 
Oro? 
0S*92 
00°00 


(oT x 3 





STcrO*: 


190SF 


( 


uy) 
L 





IoSth == 


Ss°ZOT 
OS * TOT 
Sf°OOT 


SZ °66 
00°86 
$8 °96 
09°S6 
St’ v6 
SL°¢6 
Or ’c6 
08 ° 06 
S6°68 
02°68 
02°88 
o£°28 
ST°98 
SO°S8 
OS* 78 
06° £8 
Or’Zs 
os°08 
00° 


00 
g0L X 


ISd 000°0¢ 


Ooo 
eo ¢ © 8 


oe © © @ 
OONDNHXOWONDATON 


eo ¢ @ @ © 
SOMUOHAONNH OAxter 
AaAAANNNMOMTTMNOUOKe DOHAO 


4 |sscagazzaezasaeseaee: 


TtSoondet 


AAR NOMSTTMHOWOY © 








= 
20) 











02S 20° 


s8°OLT 
08°s9T 
06 °99T 
02° e9T 
0¢°T9T 
S¢°ost 
OS°* LST 
Olas et 
06°EST 
S6°TST 
SO°OST 
OL°SPT 
SP° OPT 
OS ° PPT 
OL°CHT 
08 °OrT 
08°S8StT 
S8°9eT 
S8° rer 
OL°CET 
OL°szT 
S6°CCL 
OF °9TT 


LO 
a= 


e eo e©« © © @ 
I eS ae ean ICAI RIE eg Sd at LE 


@ 


ee e eee @¢ @ @ 
Stet et et rtn NANNNMMOMMOM +t st 


® 


OCOGD0DODOMOMOMOMOMOMONONOOWMO 
@ e 
OMVUOUANMUWOADAAN 


OL X 3} = (upu)a 


OT°6ET 
SO°Pel 
SO°CEeT 
SO0°OtT 
OL°S82T 
OL°92T 
O° v2T 
SO°?ecr 
S8°6TT 
SS°*sTil 
Or’ 2ZTT 
S2°9TT 
S6° PTT 
OL°ETT 
Or°2TT 
06° OTT 
Sr’°60T 
021° L0T 
00° 90T 
ST° POT 
00°ZOT 
00°66 


ISd 00$ 


4 


® e e @ e 


@ 


% 
OMWO AND TOON DO HO 


ee ¢ @ 
PURE 
std NNMOMMONSTSTMUWOWOHe DMG 


ee e@ 
OMUOANWM © 


esessseeeeeseeeeeeoooo0o0o 


ce = J 


qe NMMOMsTSTMOwWOLKH wD 





OMONDHTOWONDATOWN Ss 





06 100° 





r4 


ee @¢ @ 
am w 


e 


eA NMSTMWODAO 


eee € 
OMUOANMNKErMMNEe AD 


ook okogokokokokokokokonone 
e 


( uFU)2 


DeDSE = Ji 


N 
20) 








09¢%TO° OvE00" 

































0S°OLT 0O°ST 
09°89T S° rT OS°’S¢T 
OL°99T O°rT OL°¢eeT 
$8 °Pr9T c°eT S9° TET 0°06 
OT’ £9T 0°eT OS °L6T O°Sr S6°OLT U° 8 
| 02° T9T S°cl 09°¢C6T 0°6£ SL°62T 0’°CL 
Sp°6ST 0°?T 08 °68T 0°9¢ 08 °SZT O°ZL 
09° LST S°TL cc °98T o°¢ee S0°8zT 0°99 
08 °SST 0O°TT 06 °C8T 0°0¢€ O£°LZT O°rs 
SO° ST S°OT Oc ° TST C°8Z GS°9ZT 0°8t 
SL°CST 0°OT 09°6LT QO ZzZ 08 °SZT O°Cr pe. 
02 °OST ¢°6 06°LLT c°Sc 00°SZT 0 0°9¢ 
SZ °SPL 0°6 G2°9LT O° re OT’ eT 0 0°O¢ 
OS°LYT O°?CT O£°9PT S°8 Cr’ PylTt G°CC OL° ET 0° O° re 
0S °S€T S°OL Or’ PPT 0°8 OZ cL 0°T?¢ OT°?CCL 0° 0°ST 
OL°62L 0°6 OF ° SPL o*h SO°69T 0°ST S8°O7T 0°8ST 0°? 
S8°O?T c°L Sr°OFrT O°L S¢°S9T O°ST OL°6TTE O°ST c°L 
$9° TTL 0°9 68 °8eT g°9 OS °T9T 0°?T Sse °stL 0°?CT 0°9 
OT°ZOT C°P O€°9ET 0°9 So° LST 0°6 S8°9TL 0°6 ae 
02°16 o°¢ ce°6cL S°? Or’ 2ST 0°9 02 °STT 0°9 o°¢ 
OL°Sl S°T S8°T2T o°¢e OT*9FT o°¢ 02° ETT o°¢ C°T 
00°00 0°O 00°00 0°0 00°00 0°O 00°00 0°0 0°O 
x3) Cmn | orxe! cme | grr a] come | ore a) cme | wrx 3] Om 
0 SLE = L 0 OSE = L 


ISd o00fSe ~ _9 






































28959 


hesis 
373 Meow 
Correlation of the 


high temperature creep 
characteristics of 
cupro-nickel fouene 

zenner Holloman paca 





Muse emeter. 29670 
. 
+> 
ver 28959 


i> 
Ad 73 Riverd 
Corr@iaiion of the mish 
temperature erfer characters 
+ “ » - r : : : . 
tics Of cupro—nichel to tlre 
. > .. = a) 7 
cerer Lollowan puratctér 
“ J e 








